To meet the overall isolation and alignment requirements for the optics in Advanced LIGO, the planned upgrade to LIGO, the US laser interferometric gravitational wave observatory, we are developing three sub-systems: a hydraulic external pre-isolator for low frequency alignment and control, a two-stage active isolation platform designed to give a factor of ~1000 attenuation at 10 Hz, and a multiple pendulum suspension system that provides passive isolation above a few hertz. The hydraulic stage uses laminar-flow quiet hydraulic actuators with millimeter range, and provides isolation and alignment for the optics payload below 10 Hz, including correction for measured Earth tides and the microseism. This stage supports the in-vacuum two-stage active isolation platform, which reduces vibration using force feedback from inertial sensor signals in six degrees of freedom. The platform provides a quiet, controlled structure to mount the suspension system. This latter system has been developed from the triple pendulum suspension used in GEO 600, the German/UK gravitational wave detector. To meet the more stringent noise levels required in Advanced LIGO, the baseline design for the most sensitive optics calls for a quadruple pendulum, whose final stage consists of a 40 kg sapphire mirror suspended on fused silica ribbons to reduce suspension thermal noise. *nornar@stanford.edu, phone 650 723 0228, fax 650 723 2666
INTRODUCTION
The initial LIGO detectors 1, 2 which are currently being commissioned use the principle of the Michelson interferometer to sense differential changes in two perpendicular arm lengths to search for strains in space produced by gravitational waves of astrophysical origin. By the time it has completed its series of science data runs, Initial LIGO may have detected gravitational waves. However an order of magnitude increase in broadband sensitivity and an extension of the operational bandwidth to lower frequencies would greatly increase the probability of detection and offer exciting opportunities for carrying out gravitational wave astronomy. An upgrade to LIGO, Advanced LIGO 3, 4 , has been proposed to achieve such an improvement in performance, and members of the LIGO Scientific Collaboration are working with the LIGO Laboratory in carrying out research towards developing a design which would result in such an increase in sensitivity. The sensitivity of the current LIGO detectors is expected to be limited by thermal noise associated with the suspensions of its mirrors at frequencies in the region ~40 Hz to ~150 Hz. Below 40 Hz the dominant noise source is expected to be residual seismic noise, filtered by the combination of a 4 layer passive isolation stack and a single pendulum suspension. To improve the sensitivity in Advanced LIGO such that its useful working range extends down to ~10 Hz requires both a reduction of suspension thermal noise and an improvement in seismic isolation. In this paper we discuss how we propose to achieve such improvements, and summarize the work to date.
To achieve the overall suspension, isolation and alignment requirements for Advanced LIGO, we are developing three sub-systems:
• a hydraulic external pre-isolator system (HEPI) for low frequency alignment and control, which will be situated outside the vacuum system • a two-stage in-vacuum active isolation platform designed to give a factor of ~1000 attenuation at 10 Hz • a multiple pendulum suspension system (quadruple for the most sensitive optics) that provides passive isolation above a few hertz, and minimizes suspension thermal noise by using silica ribbons in the final stage.
In Fig. 1 we show a schematic diagram of the layout of these three sub-systems in the largest of the vacuum chambers in which will be suspended the most sensitive optics in the interferometers. We discuss each of these sub-systems in the following sections. Figure 1 . Schematic diagram of the overall suspension and isolation system proposed for use in Advanced LIGO. The three main subsystems are indicated. The top of the vacuum system and the doors are removed for clarity. A supporting structure for the quadruple pendulum, which would be rigidly attached to the isolation platform, is also not shown. For scale, the height of the supporting piers to the base of HEPI is ~2.5 m.
HYDRAULIC EXTERNAL PRE-ISOLATOR
The hydraulic external pre-isolator (HEPI) system was specifically designed to address the low frequency isolation and alignment requirements for Advanced LIGO. Actuation is required in all six degrees of freedom (DOF), and the specifications for this system are that it should be able to generate a maximum force greater than 2000 N and a throw of +/-1 mm, have a bandwidth from 0 to ~10 Hz, and a noise level not exceeding 10 -9 m/√ Hz at 1 Hz. A quiet hydraulic actuator can meet all of these requirements. In such a system the flow is not permitted to become turbulent, and thus by maintaining laminar flow throughout the system, a quiet hydraulic actuator can reach very low noise levels.
A schematic diagram of the basic elements of the system is shown in Fig. 2 . Its basic mode of operation is described in the figure caption. Further details of the design and operation of the hydraulic system are given elsewhere. (2), with variable resistances that are controlled in differential pairs. By controlling the resistance, one generates differential pressure across the bridge, which modifies the flow, (3), to the differential bellows, (4). These bellows act as a stiction-free piston which moves the actuator plate, (5), which is connected to the payload (not shown) with a flexure stiff in 1 DOF.
The performance requirements for LIGO include alignment and isolation. To achieve both of these requirements, two controls techniques are used, namely sensor blending and sensor correction. In this application each actuator is outfitted with a displacement sensor which measures the difference between the actuator plate position and the ground, and a passive 1 Hz seismometer. These two signals are blended together into a "supersensor" 5, 6 . When the supersensor is used in feedback, it is possible to control position at low frequency while still attaining isolation at higher frequencies. The isolation can be extended to lower frequencies using sensor correction, which can be described as the subtraction of an undesired signal from a sensor output. At frequencies where the displacement sensor signal dominates, the feedback loop achieves no isolation. By suitably adding the signal from a ground-mounted low-frequency seismometer to the displacement sensor output, the resulting signal can then be used to null the actuator plate position and hence provide isolation.
In the LIGO application there will be 8 actuators used to control the 6 DOFs, 4 horizontal and 4 vertical mounted in pairs on each of the 4 piers supporting the payload in the vacuum tanks (as indicated in Fig. 1 ). Actuation can be used to track the Earth's tides, as well as to correct at each vacuum tank for large amplitude low-frequency (~0.1 Hz to several hertz) motion including the microseism which typically peaks at frequencies near 0.15 Hz.
Following extensive development and testing of the actuator design at Stanford University, prototype actuators were installed and tested on a LIGO-sized vacuum chamber at the LIGO Advanced System Test Interferometer (LASTI) facility at MIT. This system showed good performance in the three displacement DOFs, reducing motion between several tenths of hertz to a few hertz, achieving about an order of magnitude noise reduction between 0.5 and 2 Hz. An example of the performance obtained is shown in Fig. 3 . Although the original intention was for installation of HEPI in LIGO in a few years time when the system is upgraded, over the past year the development has been accelerated to allow for installation at the LIGO Livingston site this year (2004). This decision was taken in order to allow reliable detector operation during high-noise periods, such as the daylight hours of weekdays, when excess ground motion due to human activity has been found to be a serious problem. 
ACTIVE PLATFORM DEVELOPMENT
We have discussed above the first stage of isolation for Advanced LIGO, which is situated outside the vacuum system. This outer stage will support the in-vacuum two-stage active isolation platform which we now describe. This stage can be thought of as a direct replacement for the 4 layer passive isolation stack currently in use in LIGO. The basic design strategy for the isolation platform has been discussed in earlier papers 7, 8 . Here we present a brief overview of the design features, review the current status of development and present recent data from the prototype platform being studied at Stanford University. One of the most challenging problems for achieving good seismic isolation at low frequencies is that of tilt-horizontal coupling, which is introduced because horizontal inertial sensors cannot distinguish between horizontal acceleration and tilt. How this problem is tackled in the control of the isolation system is addressed in another paper 9 in this volume, and thus will not be covered in detail here.
The isolation platform consists of two cascaded stages, suspended through stiff blade springs and short pendulum links, giving natural frequencies in the 2-10 Hz range. The vibration of each stage is reduced by sensing its motion in 6 degrees of freedom (DOFs) and applying forces in feedback loops to reduce the sensed motion. The feedback signal for the first stage is derived by blending signals from three sensors for each DOF -a long-period broadband seismometer (Streckeisen STS-2), a short-period geophone and a relative position sensor. The second stage uses signals from a GS-13 (Geotech Instruments) low-noise geophone and a relative position sensor for each DOF. The actuators are electromagnetic non-contacting forcers, which apply forces between the support and stage one, and between stage one and stage two respectively. An advantage of a fairly stiff suspension is its low thermal sensitivity. With feedback applied, the system is further stiffened, and this provides a high impedance mechanical interface between the platform and any element suspended from it.
Two mechanical designs are required for the two different vacuum chamber designs in LIGO. In the chambers housing the most sensitive optics the active platform is situated toward the top of the chamber (see Fig 1) and the suspension attaches from below to an interface surface (optics table). In the smaller chambers the active platform is located lower down in the chamber, and the suspension system will sit in its support structure on top of the optics table. A technology demonstrator isolation platform is currently being investigated at Stanford. It is shown in Fig 5, and is similar to the type to be used in the smaller chambers. Investigation of the performance of the technology demonstrator prototype is well underway. The overall control strategy is hierarchical in form, with active damping of the two stages being followed by closing feedback loops to control tilt.
After tilt control is established, further control loops are closed to complete the control of stage one. Stage two control loops are subsequently brought into operation. The overall system will include 27 loops, and will use both sensor blending and sensor correction techniques, discussed in the previous section. Preliminary measurements from the first stage are shown in Fig. 6 . In this figure, the noise levels on the ground and on the first stage are shown for one direction of horizontal motion. It can be seen that isolation is obtained above 1 Hz, and at around 10 Hz there is an isolation factor of approximately 30. Results in the other horizontal direction and in the vertical direction are similar. A further factor of ~30 at 10 Hz is expected from stage two, which in conjunction with that of stage one should meet the overall isolation requirements for this system for Advanced LIGO. For the data shown below, the blend frequency between the relative position sensor and geophone was set at 0.5 Hz and sensor correction was not yet implemented, thus limiting the low frequency isolation performance. Techniques for improving low frequency isolation is the topic of another paper in this volume.
9 Figure 6 . Measurements from the technology demonstrator prototype active isolation platform at Stanford. The heavy black curve shows the displacement noise level on the ground in a horizontal direction and the dotted curve the residual noise on stage 1 of the platform. The blend frequency used for these measurements was 0.5 Hz. The feature seen at around 25 Hz is believed to be a resonance of the current support structure.
In parallel with the research effort underway to investigate the performance and optimize the control design of the technology demonstrator at Stanford, a new prototype is currently being designed for installation at LASTI, which will essentially be the design for Advanced LIGO. It is scheduled to be delivered in late 2004.
QUADRUPLE PENDULUM SUSPENSION DEVELOPMENT
The suspension system design for Advanced LIGO is based on an extension of the triple pendulum design 10,11 developed for GEO 600 -the German/UK gravitational wave detector. The new design differs quite radically from the existing LIGO suspension design. The existing design has test masses (mirrors) hung as single pendulums on wire slings, with actuation for both damping (local control) of the pendulum modes and global control of the interferometer to hold it at its correct operating position being applied directly to the test masses via coil and magnet systems. The magnets are attached to the masses. The GEO 600 design and its extension for Advanced LIGO represent second-generation designs for which the performance is more aggressive than that currently used in LIGO, in particular in terms of the reduction of thermal noise associated with the suspension of the mirrors. The Advanced LIGO design has been chosen to aim to reach a target sensitivity corresponding to a residual noise displacement of 10 -19 m/√Hz at 10 Hz at each of the test masses for each of the two main noise terms, suspension thermal noise and residual seismic noise. Other noise sources such as those due to the local and global control systems are required to lie below this.
The main features of the proposed baseline design are as follows:
• Sapphire mirrors (40 kg) will form the lowest stage of a quadruple pendulum, and will be suspended on 4 vertical fused silica ribbons to reduce suspension thermal noise.
• The ribbons will be welded to fused silica "ears" or prisms which are silicate bonded 12 to the flat sides of the penultimate mass and the mirror below. This technique ensures that the low mechanical loss of the mirror itself is preserved, maintaining the low thermal noise of the sapphire substrate.
• Included in the quadruple pendulum are three stages of cantilever blade springs made of maraging steel, similar to those used in the French-Italian Virgo gravitational wave detector 13 , to increase the vertical seismic isolation.
• The damping (local control) of all of the low frequency modes of the quadruple pendulum will be carried out by using 6 co-located sensors and actuators at the highest mass of the multiple pendulum, and may be supplemented by using eddy current damping applied at this mass for certain degrees of freedom. Thus noise associated with the local control is isolated by the stages below.
•
Global longitudinal forces will be applied in a hierarchical feedback system via a quiet reaction pendulum, essentially identical in mechanical design to the main pendulum, but with wires replacing the silica ribbons. Large low frequency forces will be applied electromagnetically between the penultimate masses, and small higher frequency signals applied electrostatically between the mirror and the corresponding lowest reaction mass. That mass will be made of dense glass with a patterned gold coating.
With respect to the global control of the interferometer it is intended that in the final configuration the low frequency forces will be kept close to null by using the HEPI system described in section 2.
Further details on design aspects of the quadruple pendulum suspension can be found elsewhere 14 . A schematic diagram is shown in Fig. 7 .
The overall seismic isolation is the product of the isolation of the three sub-systems. The target residual noise level on the isolation platform is 2x10 -13 m/√Hz at 10 Hz in both longitudinal (i.e. parallel to the laser beam) and vertical directions. The expected transmissibility of the quadruple pendulum in the longitudinal direction (suitably damped) is around 3x10 -7 at 10 Hz (and falls off approximately as 1/f 7 ). In the vertical direction the transmissibility is approximately 3 orders of magnitude higher, and this combined with an assumed vertical to longitudinal coupling factor of 10 -3 gives a similar overall isolation. Combining the longitudinal and vertical contributions in quadrature, we see the overall target of 10 -19 m/√Hz at 10 Hz for residual seismic noise should be met.
We now discuss some of the ongoing research and development on suspensions.
Thermal noise issues
The most crucial part of the suspension in terms of minimizing the suspension thermal noise is the final stage. Thermal noise from upper stages is filtered by the stages below, and providing the design of the upper stages is carefully chosen, the suspension thermal noise is expected to be dominated by the lowest stage at 10 Hz and above. The use of silica fibers in the final stage rather than steel wires gives an immediate improvement due to silica's lower intrinsic loss. A further reduction in noise is expected by using a ribbon cross-section oriented such that the bending loss is minimized in the direction along the axis of the interferometer arm. An estimate of the resulting thermal noise is shown in Fig. 8 .
Experience of preparing and welding fibers and bonding ears has been gained in GEO. However these techniques require development in several areas for application in Advanced LIGO. Firstly there is a need to develop ear design to scale up from 10 kg to 40 kg mirrors. One wishes to achieve a design with the required mechanical strength and which minimizes the thermal noise associated with the bond at a level such that it makes an insignificant increase in the predicted overall noise level of the detector. An example of the stress in a finite element model of an ear under load is shown in Fig. 9 . Finite element analysis is also currently being carried out on a model of a test mass with ears attached to study the strain energy distribution near the interfaces and hence estimate the thermal noise due to the bond.
Secondly a 100 W CO 2 laser system for pulling and welding of ribbons is being developed at the University of Glasgow. Advantages of such a system are high precision heat delivery, improved shape control, reduced contaminants and spatially selective annealing. The latter should reduce stresses and increase strength and reliability. In parallel a system for image capture and edge detection is also being developed to aid in ribbon profiling. On the right is a conceptual design for the supporting structure which is approximately 2 m in height, and whose top surface would be rigidly attached to the optics table. This structure would support elements of the sensor and actuators for local control, and earthquake stops to restrict motion of the masses and support them in the event of a wire or ribbon failure.
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Control issues
In the past few months there has been a major program of work in the UK to develop quiet sensors for use in the local control systems for the Advanced LIGO suspensions. Even allowing for the isolation achieved by carrying out sensing and actuation for local control at the top mass in the multiple suspensions (quadruple for the most sensitive optics) the noise performance is demanding. For example the current LIGO and GEO detectors use compact optical shadow sensors with a noise performance of around 10 -10 m/√ Hz at 10 Hz. The requirement on residual noise due to the sensors at the most sensitive optics is to be 10 -20 m/√ Hz. The isolation factor for residual sensor noise at 10 Hz is typically of order 10 7 . Thus assuming there is still substantial gain in the feedback loop at 10 Hz, these numbers suggest that sensor noise needs to be approximately three orders of magnitude better than those in current use to meet the requirements. A promising low noise interferometric sensor illuminated with a diode laser has been developed. It uses polarizing optics to obtain quadrature outputs to allow fringe counting in addition to fractional fringe measurements. A bench-top version has already shown noise performance of ~5x10 -13 m/√ Hz around 10 Hz with a dynamic range of 3 mm, and further work on producing a compact mechanical design is currently underway. An alternative strategy involving combining active control using shadow sensors for the lowest frequency modes of the suspension with eddy current damping for the higher frequency modes, and possibly relaxing the amount of damping required once global control of the interferometer has been achieved, is also under consideration. Eddy current damping applied to the top mass of a triple pendulum suspension has already been demonstrated 15 .
Mechanical design issues
In Advanced LIGO there will be several types of suspensions, triple and quadruple, tailored to support the various types of optics which have different masses and sizes and different noise requirements. Modeling for all the main designs is already underway and all-metal triple pendulum prototypes for the modecleaner mirrors have already been constructed. Initial tests of the mode frequencies and local control have demonstrated the expected behavior. Currently we are developing the design for the quadruple pendulum suspension to be used for the 40 kg test masses, which is the most demanding both from the desired noise performance and the practical challenges presented in assembling the overall suspension plus structure. An ergonomic arm being used to handle a metal representation of a 40 kg sapphire test mass is shown in Fig. 10 . In parallel with the development of the suspension itself, finite element analysis is being carried out on a conceptual design of support structure (shown in Fig. 7 ) in conjunction with an isolation platform to investigate modal frequencies and the behavior of the combined system.
Design of an all-metal prototype quadruple pendulum is well underway and it is expected to be constructed and have undergone preliminary investigation of mode frequencies and damping at Caltech by the end of 2004. After cleaning, the system with its support structure will be sent to MIT where it will be suspended from the LASTI active platform referred to in section 3 above. Experience on installation and alignment will be gained and investigation of the behavior of the two systems in combination will be carried out, with the results being compared to theoretical models Figure 10 . Ergonomic arm being used to manipulate a 40 kg mass in a controlled fashion.
.
CONCLUSIONS
We have presented an overview of the three sub-systems which are being developed to meet the alignment, isolation and suspension thermal noise requirements for Advanced LIGO. The HEPI system is currently being installed at the LIGO Livingston site and is expected to be in operation later this year. A HEPI system is also being fitted into a LIGO-sized chamber at LASTI. A technology demonstrator active isolation platform is currently under development and testing at Stanford. A new prototype for LASTI which is expected to be essentially the design for Advanced LIGO is currently under construction and should be delivered towards the end of 2004. It will be installed in the chamber already fitted out with the HEPI system. After stand-alone testing of the active isolation platform is carried out, the all metal quadruple pendulum prototype will be installed, and testing of the overall alignment, isolation and suspension system can then take place.
